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l.  INTRODUCTORY SUMMARY

This report analyzes the effects of non-ideal filter transmission character-
istics upon the measurement, correction, or extrapolation of aircraft noise data.
The report is based primarily upon, and represents an abbreviated summary of, two

previously published, more detailed reports on this topic. 1,2

Current engineering practice for evaluation of the spectral content of

3

aircraft noise is well defined in FAR Part 36,” and in a number of related standards

and documents covering the details of aircraft noise measurement and spectrum

c\nolysis.b"7

According to the procedures cited in these references, corrections for
filter sideband or spectrum slope effects are omitted when analyzing aircraft noise
spectra. The basic objective of this summary is to ‘briefly identify the potential
errors involved in this omission and then evaluate alternative methods to correct
for these errors. Emphasis is placed on the latter in this summary report. The

1,2 for a more thorough presentation of

reader is referred to the parent document
the magnitude of filter effects errors for a wide variety of cases - a level of detail

that was not appropriate for this summary report,

The basic approach used to correct aircraft spectra for analysis errors due to
finite filter sidebands and signal spectrum slopes involves defining some type of
approximation to the true spectrum shape of the signal at all frequencies. The
closer this approximation is to the true spectrum slope, the more accurate the
correction for filter effects., This report addresses several such "filter effect"
correction methods of varying degrees of accuracy. These methods are all
applicable to specifying attenuation of a band of noise due to atmospheric
absorption, given a definition of this attenuation at single frequencies. This is a
fundamental problem encountered in evaluation or correction of aircraft spectra
and has already been addressed in earlier studies.a'I2 However, some of these
10-12 4 eated the filter associated with detinition of the band levels
as ideal with zero transmission loss in its nominal pass and infinite transmission

earlier studies

loss outside this band. In this case, the reports accounted only for the difference

between band attenuation values computed by integration over ideal filters and

values based on attenuation at only one characteristic frequency in the band.

However, as will be shown later, when this spectrum slope error becomes
significant, the additional error attributable to ignoring the energy passed by the

1-1




filter "skirts" outside the filter pass band may be much larger. Thus, evaluation of
errors in spectrum analysis of aircraft noise due to filter effects which does not
include consideration of transmission that really occurs outside the nominal filter
pass band can be very misleading.

Summary of Findings

The next section of this report reviews the general nature of filter effects
and shows that they are generally significant only at high frequencies and/or large
distances from a source. Thus, static ground measurements of noise from full scale
aircraft engines at distances of the order of 100 m or less will seldom, if ever,
require any corrections for filter effects. However, measurements on the ground
of noise from aircraft in flight can involve propagation distances of the order of
300 to 2,000 m or more. In this case, band levels at high frequencies may very well
be substantially in error unless filter effects are considered. One rule of thumb
reported in Reference | indicates that these band errors become significant (i.e.,
of the order of 0.5 dB or more) under the following conditions:

o Propagation Distance (km) x [Frequency kHz)] 2>6
o Propagation Distance >6 km (at any frequency in the audio range).

However, this summary of the results from References | and 2 suggests that
this criterion may be too optimistic (i.e., the constant 6 may need to be reduced).
It is also generally true that while the band levels may be subject to large errors

due to filter effects, errors in composite noise levels such as PNL, LA or EPNL will

usually be small - less than | dB.

The principal quantitative findings of this summary report illustrate the
application of the methods of Reference | and 2 for evaluating errors due to filter
effects in the followirg circumstances:

o Prediction of the excess attenuation of a band of noise dve to air

absorption over a given homogeneous propagation path.

(o] Prediction of the change or adjustment in this attenuation if the test-
day weather conditions are different from those of a standard reference
day.

To illustrate the application of alternate methods for considering filter
effects for these two questions, one idealized source spectrum and two repre-
sentative measured aircraft spectra were considered. The idealized source

1-2
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spectrum was chosen to approximate an upper bound for the slope of broadband
spectra measured very close to an aircraft. The aircraft spectra selected occur at
the time of maximum tone-corrected Perceived Noise Level (PNLTM) and were
chosen to represent a range of such spectra that might be encountered in noise
3 The spectra
and were essentially free of

certification measurements conducted according to FAR Part 36.
were based on actual measured data for jet c:ircrcxft|3

contamination by ambient noise at all frequencies.

For each of these spectra, four alternative methods to account for filter
effects when computing atmospheric attenuation of one-third octave bands have
been evoluated. These methods are:

Code Description .
(S) Single-frequency method (current  practice with SAE

ARP 866A).1°

(D) Band Integration method with real filters using two constant
spectrum slopes to approximate the initial spectrum level in each
band (Dytec Method).2

Wi Band Integration method with real filters using a continuously
varying spectrum interpolation function to approximate the initial
spectrum in each band (Wyle Method I).'

(W2) Band Integration - same as W| but with addition of a spectrum
iteration technique to match computed vs measured band leve!'s at
a receiver (Wyle Method 2).I

Finally, results, reported in both References | and 2, are also presented for
filter effects on EPNL values of measured aircraft noise data.

Results for ldealized Spectrum

The idealized source spectrum with an assumed spectrum slope of -9 dB/
octave for standard day conditions (i.e., 25°C and 70% relative humidity) was
converted to a hypothetical spectrum that would have been measured with real
filters at a receiver distance of 600 m on a test day with a temperature of 15°C
and 35% relative humidity. When the above methods were applied to reconstruct
the source spectrum for this "measured" receiver spectrum, by adding back the
band level attenuation over the 600 m propagation path, the SAE method exhibited

1-3




the largest error at frequencies below about 5,000 Hz. The error, in this case, was
simply equal to the true initial source spectrum (with the -9 dB/octave sfope) and
the reccnstructed value based on applying the computed band level attenuation to
the "measured test day" receiver spectrum. Differences between predicted and
true source band levels were of the order of +2 dB up to this frequency for the SAE
method but decreased to less than +0.) dB for the Wyle Method 2, employing the
spectrum iteration technique. The other band integration methods (Dytec and Wyle

Method |), which did not employ an iterative technique to improve estimates of the

measured spectrum, exhibited errors between 0 and +2 dB.

For one-third octave band frequencies above 5,000 Hz, all of the methods

TSP W7 W

exhibited rapidly increasing errors in reconstructing the original source levels that
would have been inferred by the measured receiver levels under the test day ‘

conditions. The errors became comparable to about 50 percent of the true band

il

level attenuation (i.e., -80 dB) at the highest frequencies. The breakdown in
accuracy of the band attenuation prediction methods occurs when the slope of the
measured receiver spectrum exceeds the slope of the filter sidebands. A
comparable trend was found when predicting band level adjustments to correct $
measured receiver levels at test day conditions to receiver levels for standard day

conditions. H

Results for Aircraft Spectra

The gircraft dataq, initially measured under nearly standard day conditions,

were first translated to the same more severe test day weather (15°C, 35%

relative humidity) employed for the ideal spectra. Then the alternative methods q
for predicting band level aftenuations or adjustments back to standard day

conditions were applied. There was one significant difference in the results of this

application to these real aircraft spectra. The methods which employed some form

of band integration (all but the SAE method) no longer exhibited very large errors

in predicting band level attenuation or adjustment at the highest frequency. This is

attributed to the less severe shaping of these measured spectra since the true band
level attenuation reached values of only about 40 dB at the highest frequency.

The maximum errors in predicting band attenuations or band adjustments for
these limited samples of real aircraft noise data varied from about 25 dB for the
SAE method at 10 kiHz to about 2 dB or less for the other methods employing band

1-4
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integration. The highest accuracy in accounting for filter effects on these aircraoft
data was consistently exhibited by the second Wyle method which employed the
spectrum iteration technique. With this method, the errors in predicted band levels
were less than 0.1 dB at all frequencies in all cases except one for which the error
was 0.4 dB at {0 kHz only.

While direct comparisons between true and predicted values of overall
frequency-weighted (and time-integrated) aircraft noise levels, such as PNL,
EPNL, or SEL were not always possible, the limited results from the two parent
studies summarized herein indicate that errors due to filter effects may be very
small, less than | dB. Maximum errors in overall aircraft noise levels, due solely to

filter effects, that were found in either of the parent studies are summarized as

follows:
Maximum Error Due to Filter Effects
Noise Metric Wyle Method #2 (Ref. 1) Dytec Method (Ref, 2)
PNL 0.25 dB 0.1 dB
EPNL 0.74 dB 0.1 dB
SEL NA 0.1 dB

As outlined [ater in this report, the true magnitude of filter effect errors is
believed to be more accurately represented by the Wyle method involving spectrum
iteration. Based on these results, any of the band level attenuation prediction
methods evaluated, including the currently employed SAE method, may provide a
svitable means to account for filter sideband effects when analyzing aircraft noise
in terms of such overall noise metrics if one is prepared to accept errors of the
magnitude indicated above. However, this conclusion is necessarily based on the
limited number of cases that could be evaluated in the parent studies.

1-§
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Spectrum Level, dB

2. ANOMALIES IN SPECTRAL ANALYSIS OF AIRCRAFT NOISE DUE TO
FILTER EFFECTS

This summary report is concerned with filter effects on the evaluation of
overall aircraft noise levels as well as individual band levels. Thus, it is helpful to
start by first examining filter effects on a single band of noise before treating the
problem for a complete spectrum.

There are three possible ways to define filtered band levels of a broadband
noise. These three methods, illustrated in Figure |, are:

o The white-noise band level, LBo’ equal to the band level for a white

noise signal which has a constant spectrum level Ls(f c) equal to that
of the true spectrum at the band geometric center frequency f c

o The ideal filter band level, LBI’ of the true spectrum as measured
with a perfect filter over the nominal filter bandwidth f' to fz.

o The measured band level, LB’ of the true spectrum as measured with

a real filter over the significant power iransmission bandwidth of the
filter,

*
B!}
fl fc f2
Frequency (log scale)
a) White Noise Band Level b) ldeal Filter Band Level ¢) Measured Band Level

Figure I. Conceptual lllustration of Thre: Alternative Ways to Interpret a Band
Level Centered at Frequency f_ with a Spectrum Level Ls at this
Frequency (*cross-hatched area gquqls indicated level).




The white noise band level is often assumed to be the effective level when
one gxpresses the change in level of a band of noise due to attenuation processes
which vary with frequency. This assumption implies that the attenuation for the
entire band can be accurately defined at a single frequency, such as at the band
center frequency, or at the band edge frequency. This is, effectively, the
procedure employed in SAE ARP 866A. 2

The ideal band level, LBI’ would be the desired form for universal

application. It is, in fact, closely approximated in the analysis of aircraft noise
5,6
a

when the spectrum slope is not large and standard spectrum analysis fil ters re

employed.

The measured band level, LB’ represents, of course, the band levei that is

measured with real filters,

For simplicity, the following general equation can be used to express each
of these forms of band levels. This general form can be expressed as:

b (L) - A())/10
L_(F) - A())/1
[ o % df

Band Level = I0log'o , dB 1)
fo
where

Ls(f) = spectrum level at any frequency f between fc and fb' For the
"white-noise" band level, this is the constant value which can be
token outside the integral, and is equal to the true spectrum

level at the band center frequency f c*
f g d fy = the lower and upper limits of integration equal to the lower

band edge, (f|) and upper band edge frequency (f2) for an ideal
filter or the lower and upper frequency limits of effective
fransmission range of a real filter. This effective range
extends from f|/5 to 5 f,inRef. | and from fc/IO to 10 fc in
Reference 2.

A (f)

A general attenuation function which can vary with frequency
but which is 0 for the first two forms of band level and is equal
to the transmission loss, in decibels, of the real filter for o
measured band level.




O

The analytical procedures used in References | and 2 to carry out the
integration involved in Eq.(]) are described in detail in these references and are
only summarized here. While similar in concept, they differ in important detail as
discussed later in Section 3.

Consider, now, the general illustrative model shown in Figure 2 for the

processes involved in spectrum analysis of aircraft noise. This diagram identifies

two kinds of "filter effects" correction foctors.

o Error terms ( AS or AF) associated with analysis of an individual band

of noise at a source or receiver.

o Band attenuation factors (A LBl or A LB) associated with the dif-

ference in band levels between a source and receiver.

The simple mathematical operations involved in applying these two types
of correction factors are portrayed diogrammatically in Figure 2 by the arrows
connecting the boxes.

For now, the compounding effects or errors in spectrum analysis due to

background noise are ignored.

2.1 Errors in Band Levels at a Source or a Receiver

The filter effect error terms 4 g or A F invoived in receiver or source band
levels are identified here to aid in understanding the rest of this summary report.
The final results will be expressed more directly in terms of the band attenuation
factors ALBI ord LB which do not require keeping track of these "error terms" for
individual band levels explicitly. However, as will be shown later, these errors in
individual band levels provide a useful basis for understanding and analyzing errors,

due to filter effects, in band attenuation values between a source and a receiver.

In fact, these slope and filter error terms provide a more discriminant way of

examining the true significance of filter effects in band attenuation values since

A S and A do not contain _the single frequency absorption loss term - «(f) x

Distance - the dominate term in any band attenuation value.

2.1.1  Spectrum Slope Error Due to Finite Filter Bandwidth

This is simply equal to the difference 4 S between the ideal and white noise

band level of a given spectrum, or:




(s10quis

JO UOIJDUD|AX3 10§ [X3f 33S) JOAISOAY D O} JDUNOG D WOL) ISION JO SPUD JO UOHDNUBYY B} BuizAjouy

Ul S1011T 499433 4831 4, 103 BUILUNODDY Ul PIAJOAU| mO| 4 uoyiDINdWOD) PUD $ISSIV0I 3y} JO UOHDASN)||

Jos) puog
1414 o9y

JaA puog
194j14 |o3p]

j3Ad]
wnyoeds

(21035 607) *bayy

v |-

s

m<+

4vbojof +

2

(9%

19A1923Y
/(l\'\

4

i/

wawbag yiod yi-

-6

7 4iBua] yiog

P, D

v

o

v

(0 v+

33

[7.Cne]

aavmf
3V Boj 0} +

1

(31025 B07) *basg

| |49

*Z 24nb1 4

a2.n0g

g, s’

"

gp ‘|eA®) wnuiydedg

2-4




From one viewpoint, this quantity, A g» may not be considered an error in
spectrum analysis but is so designated here since it does correspond to the error
associated with the use of any single frequency for describing band attenuation as
opposed to some form of integration over the ideal filter bandwidth.

Based on this definition, one can derive a closed form expression for AS
for the case of an input signal with a constant band level slope applied to an ideal
filter. The derivation is developed in detail in both References | and 2 and is
summarized in Appendix A. The resulting expression is based on applying Eq.(!)
twice — once for the band level with an ideal filter, and once for the white noise
band level case. The difference in the resulting band levels is equal to AS.

2.1.2 Filter Error Due to Finite Filter Skirts

This real error in filtered band levels is defined as the difference between

band levels measured with a real (LB) and an ideal (LBI) filter, or:
AFzLB'LBl ,dB (3)

Thus, A F is the difference between the band level measured with spectrum
analyzers which have finite slopes for their filter skirts, and the idea! band level
that would be measured with a perfect filter with zero transmission outside of its
nominal passband. (This error is called the "bandwidth error" in Reference 6.) The
filter error, A F? is well known and is inherent in the fundamental process of signal
spectrum analysis and has been evaluated extensively by o\‘hers.lé'|8 A detailed
mathematical derivation of this error in filter band levels is presented in
Appendix B of Reference |. Again, the approach is based on the use of Eq.(i) for
LBI and Lg. For the "measured” band level, Lg, the general attenuation function
A(f) in Eq.(1) is the transmission loss for the real filter. As discussed in both
References | ond 2, this filter transmission loss is simulated by a suitable
mathematical expression for the filter response which closely approximates the
response of real filters designed to conform to industry smﬂdards.S »6

Examples of the spectrum slope and filter errors, inherent in spectral
onalysis, will be illustrated later with actual aircraft spectra to show that they can
produce substantial errors in specific one-third octave bond levels when the
spectrum is rolling off rapidly at high frequencies. Any data evaluation procedure
which makes it possible to account for errors directly could be very useful. Such
procedures are addressed in Section 3.




2.1.3  Filter and Slope Errors for Constant Slope Source Spectra

Utilizing the concepts just defined, these two spectrum analysis error
terms are examined for the case of a source signal with a known constant band
level slope, before spectrum shaping by atmospheric attenuation has occurred.

The results are shown in Figure 3. Part (a) shows the slope error 4 g for
full, one-third and 1/18th octave band filters. The latter represents the effective
bondwidth of the mathematical filter elements employed in the Wyle method for
carrying out the numerical integration required by Eq.(1). (Note the scale change
for this case.)

Part (b) shows the filter error, A g for full and one-third octave band
filters. Note that this error is of the order of |/2 of the spectrum slope error A S
for the range of slopes considered. The small negative values of A F for band level
slopes near zero reflects the transmission loss at the edges of the nominal pass
bands loéf ;fl's\e real filters. This is normally eliminated by proper calibration of the
filter.'®~

For most aircraft noise signols measured close to a source within, say,
75 m (= 250 ft), the band level slope is usually less than 9 dB/octave unless pure
tone components are present. In this case it is clear, from Figure 3, that both A F
and A S would be very small for one-third octave band spectral analysis of aircraft
noise close to a source. Under such conditions, the actual "as measured" band

levels at a source can normally be considered free of filter effect errors due to the

spectrum slope and the finite filter skirts so that the band fevels can be closely

approximated by the "white noise band level" approximation LBo cited earlier.
Thus, as indicated in Figure 2, the spectrum slope error A S and filter errors A F
can be assumed to be zero at a source (i.e., at positions close to an aircraft). This
assumption may not be valid when significant tones are added to the broadband
signal. However, possible solutions to this problem are addressed later.

2.2 Filter and Slope Errors at a Distant Receiver

Consider, now, the change in A g and AS at a receiver due to spectral
shaping by atmospheric absorption. Several constant slope source spectra have
been selected for this evaluation. These idealized source spectra are ifiustrated in
Figure 4. The curves show source spectra with band level slopes from +3 dB/octave
to -36 dB/octave - a range sufficient to cover normal source spectra. One special
case has also been included representing the presence of a 10 dB tone superimposed

at 3,150 Hz on on otherwise smooth spectrum sloping off at -9 dB/octave.
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Figure 3. Slope and Filter Error for Constant Slope Signals
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It was assumed that the source spectra were defined exactly (i.e.,
measured with an ideal very narrowband filter) so that the initial spectral content
at the signal could be determined exactiy. Then, by propagating these known
spectra over a distance of 600 m, through known atmospheric absorption losses, one
can redefine a new attenuated spectra ot a receiver and then apply the band
integration concept described at the beginning of this section to define either ideal
or real filter band levels. Thus, it was possible to compute the filter error 4 F at
the receiver. Similarly, the received spectrum level can be defined exactly so the
slope error AS’ at the receiver, can also be computed. !n both cases, these new
values are computed, as outlined before, with use of Eq.(1).

A portion of the results of these computations, shown more fully in
Reference |, are illustrated in Figure 5. Figure 5a) shows only 4 f as a function of
frequency for the source spectra of Figure 4 and for a standard weather condition
of 25°C and 70% relative humidity. For this condition, atmospheric absorption

losses are close to a minimum within the FAR Part 36 test window.s’ 6

The general trend in A s shown in Figure 5a), can be explained by three
interacting influences.

(¢] A F increases at all frequencies, uniformly, as the source spectrum
slope decreases (i.e., becomes more negative), as expected from
Figure 3.

o A F increases at high frequencies due to the further increase in signal
slope due to atmospheric absorption over the fixed 600 m propagation
distance.

o Ag is modified, in a complex way, for any bands close to or including
a band with a strong tone component.

The variation in the total filter and slope error at a receiver, A‘S +4 Fr has
been evaluated in Figure 5b), using four of the source spectra (+3 dB, -9 dB with
tone, -18dB, and -36 dB/octave), and a weather condition of 15°C and 35%
relative humidity. This condition corresponds to near maximum absorption loss at
high frequencies within the weather window allowable for FAR Part 36.3 Again,
the same general pattern that occurred in Figure 5a) is evident. These error terms
are not shown in Figure 5 beyond an upper bound of 6 dB intentionally. When they
reach such a magnitude, the total signal attenuation due to atmospheric absorption

is very high normally resulting in a received signal near or below practical limits of

measurement in the presence of normal background lr'ooise.2
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One point should be clear by now - the filter error 4 F and the slope error
A S behave in a complex manner with the measured signal spectrum character-
istics. This compiexity is well-recognized, of course, and is one reason why almost
no attempt is made to account for these error terms when analyzing aircraft noise
data. One exception is the simple procedure inherent in the aviation industry
standard (SAE ARP 866A) for predicting air cxbsorpﬁon'5
lower band edge frequency for evaluating all absorption losses for one-third octave

which calls for using the

frequency bands equal to or greater than 5000 Hz. This procedure is equivalent to
trying to recognize the inherent slope error AS term and compute atmospheric
absorption losses at a frequency below the band center which should be more
"representative" of changes in the band energy. In general this empirical procedure
should be in the right direction to aid in minimizing filter effects errors when
analyzing aircraft noise spectra. However, a more general approach to the
problems of accounting for filter band and signal slope errors seems desirable.
Such alternate approaches are reviewed in Section 3.

2.3 Relationship Between Spectrum Slope and Filter Errors and Band
Attenuation Values

Before proceeding, however, consider just how the proceeding relates to
the second category of filter effects mentioned earlier — those associated with
band attenuation alues. As illustrated earlier in Figure 2, we are primarily
concerned in this repurt with:

o The prediction of how a band level at one point, identified in Figure 2
under the "source" column, changes as the sound propagates to
onother point — the receiver,

o The adjustment of band levels measured at a receiver under one
condition of weather (and propagation path length) to another condi-
tion with different weather (and path length). In this case, the
calculation of band levels starts at the "receiver," works backward to
the presumed source for atmospheric attenuation under test condi-
tions, and then back to the receiver for attenuation under reference
weather conditions.

To define these quantities, the following terminology is employed through-
out the remainder of this report for clarity and, to the extent possible, for
consistency with existing usogem ond with usage in the key reference

documents. 2
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4 LB The 1rue* excess attenuation in a band level of a noise due to air
absorption. If the filter band is ideal, an additional subscriptl is
added (i.e., & LBI)'

BA, The true adjustment in a band level due to the difference between
test-day and reference day values of A LB. Real filters will normally
be assumed; however, one variation of this quantity will be identified.
A ABRI will signify the value of the band level adjustment if one
wished to define a reference band fevel that would have been
measured on a standard day with an ideal filter free of any filter
error when the test-day band level was actually measured with a real

filter.

To identify the various prediction methods to approximate the terms
identified above, the code letter(s) associated with each prediction method
identified in Section | is added as an argument to the terms. For example:

A L‘BI(D) is the band level attenuation (A Lg) for ideal filters (added
subscript 1) according to the Dytec method (added argument code letter D)
in Reference 2.

Now then, just how do the slope and filter errors AS and AF relate to
these parameters. By examination of the data analysis processes illustrated earlier

in Figure 2, one can recognize the following simple reiationships.

o For ideal filters, the band attenuation ALBI and the slope error A s
are related simply by

ALBI > O((fc).D -4 g dB (4)

where it is assumed, as indicated earlier, that the slope error at the
source is negligible. Thus, by subtracting the slope error A S
evaluated at the receiver from the single frequency attenuation
(ox(fc) .D) over the propagation path, one obtains the band
attenuation ALBl as measured at the source and receiver with ideal

*

The word "true" implies no simplifying assumptions in its evaluation and represents
a valve as accurate as can be defined with precision numerical integration
procedures.
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filters. Thus, as suggested earlier, the slope error 8 g Clearly defines
the actual filter effect for an ideal filter with respect to the
attenuation at the band center frequency. When the former is small
enough, the latter can be used to define the band attenuation.

) For real filters, the band attenuation & Lg and the sum of the slope
and filter errors (A g+ A F) are related by

Alg=(f).D) -(Ac+Ap), dB (5)

again assuming A - at the source is negligible. Thus (A -+ & g) of
the receiver, is the difference between the total ottenuation
q(fc).D at the band center frequency fc and the actual band
attenuation ALBl measured with real filters ot the source and

receiver.

With such simple relationships between the band attenuation parameters
and the slope and filter error terms, A F* AS, it should be possible to apply the
latter as correction factors to the readily available tables (or computational
algorithms) of the single frequency absorption loss a(f) . D to define band attenu-
ation wvaluves. Indeed one such technique, employing graphical procedures, is
outlined in Reference 8 (contained in Appendix B of Reference | and Reference 9).
To apply such an approach, it is obviously necessary to know the source spectrum
slope as well as the additional slope change in the received levels introduced by
atmospheric attenuation since both of these influence values of & F and/or AS at
the receiver, as was indicated in Figure 5,

However, it does not appear to be very practical to use this approach for
predicting values of slope or filter errors (AS or AF) when processing aircraft
data. Even alfowing for relatively low spectral slopes close to a source (e.g., slopes
of the order of -3 to -9 dB/octave are typical for broadband jet source noise
spectra), one must allow for the change in this slope due to the spectrum shaping
characteristics of absorption losses over long distances. This effect is illustrated
in Figure 6 for a standard day and for ISO, 35% relative humidity by the effective
spectral slope, in dB/octave, as a function of frequency and distance that is
introduced by air absorption losses alone. The slopes correspond to the spectrum
level slopes at a receiver for a white noise source. Note that at high frequencies
and large distances, the "spectrum slope" attributable to air absorption reaches
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values of as low as -100 to -400 dB/octave. Ciearly, this additional change in
spectral slope will dominate the true shape of high frequency portions of aircraft
signatures measured at large distances. Furthermore, it would be awkward to have
to first define this spectrum slope influence for any given propagation distance and

weather condition before determining the appropriate values of the correction ,
factors A g or ) g and, from these, define effective band attenuations from an
attenuation value defined at only one characteristic frequency in each band.

Thus, as addressed in the next section, practical methods to account for
filter effects include the slope and filter error terms implicitly. Thus, it will
normully be easier to define the band loss ALB for real filters directly instead of
subtracting the slope and filter error factors from the single frequency loss as
indicated by Eq{(5).

2-15




3. CORRECTION METHODS FOR FILTER EFFECTS

Four basic methods are reviewed for correcting aircraft spectral data for
filter effects. The methods are based on the general analytical procedures
presented in References | and 2. These methods, identified below, are briefly

summarized in the following paragraphs:

Code Description of Method
(S) Single-frequency method (current practice with SAE 866A).
(D) Band Integration method using two constant spectrum slopes to

approximate the spectrum level in each band (Dytec Me'fhod).2

(WI) Band Integration method using a continuously varying spectrum
interpolation function to approximate the spectrum in each band
(Wyle Method l).I

(W2) Band Integration - same as W| but with addition of a spectrum
iteration technique to match computed vs measured band levels at
a receiver (Wyle Method 2).l

The methods will be evaluated in Section 4 in terms of their application to

two primary situations.

3.1 Single Frequency Method (SAE)

This method, as currently employed in SAE ARP 866A,'5 ignores any filter
effects for all frequency bands below 5,000 HZ and defines band level attenuation
(and corresponding band level adjustment) values in terms of the single frequency

atmospheric attenuation (o<(fc) . Distance) at the geometric center frequency of
the bands.

For the 5,000, 6,300, 8,000 and 10,000 Hz bands, an effort is made to
account, approxirnately, for filter effects in a very simple way by computing the
attenuation for these bands, again at only one frequency, but now at the nominal
lower band edge frequency of the filter, i.e., at 4,500 Hz (for the 5,000 Hz band),
5,600 Hz (for the 6,300 Hz band), 7,100 Hz (for the 8,000 Hz band) and 9,000 Hz
(for the 10,000 Hz band), '3

The method is equivalent to assuming that slope and filter errors (AS and
A F) are negligible below 5,000 Hz and are roughly approximated by shifting the
computational frequency to the lower band edge at band center frequencies equal
to and higher than 5,000 Hz.




The principal aodvantage of this method is that band level attenuation and
adjustment values are independent of the input spectrum shape. Thus, this method
for evaluating atmospheric attenuation of band levels is readily odaptable to

automatic data processing routines.

One disadvantage of the method, beyond its limited ability to properly
account for filter effects, is its tendency to produce unrealistic tone corrections in
EPNL wolues of aircraft noise due to the discontinuity between the 4,000 and
5,000 Hz band from the change in the frequency (band center to band edge) used
.for computations, For this reason, the FAA now allows the deletion of tone
corrections that can be shown to result solely from the discontinuity in the SAE

method.
3.2 Band Integration with Two-Slope Approximation to Spectrum (Dytec)

This method, as outlined in detail in Reference 2, employs two linear slope
approximations to the spectrum level in each band, as shown in Figure 7.

]
La(i+1)
Band La(i)
or
Spectrum — 5 — Ly
Level | di
dB J '
l L ()
fia k sl (Log Scale)
Figure 7. Hlustration of Two-Slope Approximation to Spectrum Levels for ith

Band as Employed in Dytec Method

As illustroted, two constant-slope lines define the spectrum level over the
nominal bandwidth of the i band. One line extends from the center of the next
lower (i-f) band and the other line extends from the ith band center to the center
of the next higher (i+1) band.

In reality, then, there is only one constant siope line per band plus one
more half line at each end of the full spectrum, Employing techniques similar to
those outlined in more detail in Appendix A for the Wyle method, it can be shown




that the spectrum level slope constant (ai) for the upper half of the ith band (and
the lower half of the i+| band) is simply equal to the difference d; in the spectrum

levels ot the center of the iy, (L(f.)) and i+} (L(f; ,)) band. It is further assumed,
for a first approximation, that the spectrum slope and filter errors described in
Section 2 are negligible so that the band levels are treated as equivalent to the so-
called "white noise" band levels defined eorlier. Thus, the spectrum level at the
center of the ith band, with a bandwidth Af, is defined by:

L(f) = LB(i)' 10 log &f = Lg; - 10 log [fi (constant)] (6)

Over the upper half of each band and the lower half of the next higher
bagxd, the spectrum level Ls(f) is then assumed to be given by the following
expression where the spectrum level varies linearly (with log frequency) with a
constant slope a;t

Q.
i
Ls(f) = Ls(fi) + 10 fog (f/fi) , dB N

It can be shown that for one-third octave bands, where 10 log (fi+|/fi) = 1, this
slope constant a, is simply equal to the difference di in spectrum levels between
the i+l and i +h band. But with Eq.(6), one can also show that

Oi = di = [Ls(fi+|) - Ls(fi)] = [LB(i'f") - LB(i)] - l Py dB (8)

Since the band level slope S in dB/(one-third octave band) is equal to this
difference in band levels, then

N =[LB(i+I) - LB(i)]= (¢'.1i + 1) , dB/one-third octave band

For the Dytec method, the spectrum slope over the lower half of the
lowest (i=1) band is assumed to be the same as over the upper half. Similarly, the
spectrum slope over the upper half of the last (i=N) band is assumed to be the same
as for the lower half of this band.

Utilizing this "two-slope" model for estimating spectrum levels at all
frequencies, the spectrum is now integrated over the nominal bandwidth of the
assumed ideal filter. The integration routine employed in the computer program
defined in Reference 2 (and listed in Volume Il of the latter) is a standard IBM
Scientific Subroutine which accomplishes the continuous integration called for by
Eq.(1) with a standard numerical integration procedure utilizing Simpson's rule and
Newton's 3/8 rule.2
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To carry out this numerical integration, each filter bandwidth is divided up
into n constant bandwidth segments where n increases by 2 for each band from a
value of 10 for the 1,000 Hz band to 30 for the 10,000 Hz band. In the latter case,
each constant bandwidth integration segment is equivalent to approximately a
1/90th octave interval.

For the case of a known source spectrum, with spectrum slopes which can

be closely approximated by constant slope linear segments between bands, the

resulting integration is quite precise. If this close approximation to the source

spectrum is now translated to a receiver, the receiver band levels and correspond-
ing band level attenuation can also be accurately computed by integration over
each of the many (10 to 30) segments within each band. Either ideal or real filters
can be assumed.

This same two-slope method can also be applied, but with less accuracy, to
approximate the measured spectrum at a receiver. The receiver spectrum levels
Ls(f) are again estimated within each band with the use of the two-slope mode!l and
Egs.(6) through (8). These receiver spectrum levels are assumed, in the Dytec
method, to have been measured with an ideal filter. They are corrected back to a
source for test day absorption, recorrected back to the receiver for standard day
conditions, and the integration process repeated to predict a receiver band levei
that would have been measured on a standard day.

Thus, unlike like the SAE method, the two-slope approximation method
involves computing atmospheric attenuation at each integration segment within
each band, but starting with the two-slope interpolation approximation of the
initial (source or receiver) spectrum levels. This is the approximate procedure
which is identified as the Dytec method in the next section. Clearly, when applied
to prediction of attenvation from a known source spectrum, the method very
accurately accounts for filter effects. A similar exact or reference method will be
used in the next section for comparison of the other approximate methods to
account for filter effects.

The principal advantages of this procedure are its relative simplicity in
terms of automated dota processing and the employment of a standard computa-
tional subroutine for numerical integration.

The principal disadvantages, not necessarily restrictive, are the potential

errors inherent in the method for approximating the spectrum level at a receiver,
and the use of an ideal filter model for analysis of an unknown spectrum. Thus, the
method does not define the degree of error introduced by not accounting for energy
outside the filter skirts when analyzing unknown specitra.




3.3 Band Integration Method with Continuously Varying Spectrum Slope (Wyle)

This method for analyzing filter effect errors, utilized in Reference |, was
described in Appendix B of that document. However, this description lacked some
of the more complete details of the computational procedures, such as was
provided for the Dytec method in Reference 2 (and Vol. Il thereof). Such a
description is now provided for the Wyle method in abbreviated form in Appendix A
of this summary report. Thus, only a cursory description is provided at this point;
the reader is referred to Appendix A, for a more complete description and a
flowchart of the computer program,

The two versions of the Wyle method consist of:

W1l Spectrum level estimation using an algorithm allowing continuous
variation with frequency in the spectrum level slope but without any

iteration to improve the estimate;

W2 The same process with the addition of an iterative routine. This
serves to further improve the estimate of @ measured spectrum level
to the point where band levels computed by integration over the full
effective transmission bandwidth of analytical models for real filters
aogree with measured band levels. Apparent agreement to within
0.] dB between computed and measured band levels was shown in
Reference | for a number of different actual measured aircraft
spectra.

A simplified flowchart of the overall computational method for the second
version (W2) is shown on the next page in Figure 8. The first version is identicai
except that the iterative loop (from Step 5 through Step 6 back to Step 3) is
eliminated and the receiver spectrum levels, estimated without iteration in Step 3,
are used in Step 4 to compute band levels at the receiver, and in Steps 7 to 9 to
compute source band levels, This simplified version of the flowchart is also
applicable to the Dytec method for estimating source levels. The only significant
difrerences lie in the methods employed in Steps 2 and 3 to estimate receiver
spectrum levels. For the Wyle method, as illustrated in Figure 9, the spectrum
level over the nominaf bondwidth of each filter band is described by an inter-
polation equation which allows for a continuously varying spectrum level.
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Figure 9.  lllustration of Continuously Varying Spectrum Interpolation Function

L _(f) used for the Wyle Spectrum Estimation Method and One of the
Sk 1/18th Octave Segments into Which Each Nominal Band is Divided
for Integration of Band Power

This interpolation equation for the spectrum level Ls(f) at any frequency within the
iy, nominal (ideal) bandwidth is defined by
(<:|i + bi(f/fi))
Ls(f) = Ls«i) + 10log (f/fi) )

The interpolation constants Q; and bi are defined in terms of the two (instead of
one) differences (dI and d2) in spectrum levels on each side of the ith filter band as
identified in Figure 9. These relationships are derived in Appendix A and, for one-
third octave band filters, they reduce to

2 2
ai = (r dl -dz)/(r - l) (|0)
ad b = r(dy-d)/ 2 1)
where r IO” IO' the frequency ratio between one-third octave band

filters.

Comparison of these two equations with Eqs.(7) and (8) for the Dytec
method emphasizes both the similarity in, and difference between, the two
spectrum interpolation methods. The initial estimates of spectrum levels at the
band center frequencies Ls(fi), required to employ Eqs.(9) and |0 above, are
provided by the same "white noise" band level model defined earlier for the Dytec
model by Eq.(6).




The band integration method employed in the Wyle procedures differs from
the more conventional numerical integration method employed in the Dytec
procedure, Details are contained in Appendix B of Reference | (and in
Reference 8). This integration method defines the band power according to the
basic integration called for by Eq.(1) cited earlier. The essential features of the

process, described more fully in Appendix A, may be summarized as follows:

o Each nominal filter bandwidth is divided into six constant percentage
segments {/18th octave wide. One such segment is illustrated in
Figure 9. (This contrasts with the use of 10 to 30 constant bandwidth }
integration segments used in the Dytec method.)

o The spectrum interpolation function given by Eq.9) is used to define
the spectrum levels at the lower and upper band edge frequencies of
these integration segments. The spectrum level between these two |

s

closely-spaced frequencies is assumed to vary linearly with a con-
stant slope, just as for the Dytec method. Thus, between each band

center frequency, six straight line segments, approximating the

continuous spectrum function defined by Eq.(9) are used instead of
just one straight line segment as in the Dytec method.

o The total power passed by each filter is then determined by summing
the power in the elemental segments, using the closed form
algorithms described in Appendix A, over whatever total bandwidth is
desired — the effective transmission bandwidth of a real filter, or the
nominal bandwidth of an ideal filter.

o The spectrum levels employed in this process are the values esti-
mated from the initial spectrum iteration procedure indicated earlier
and modified, where appropriate, by any attenuation due to propa-

gation or by filter transmission losses. Note that atmospheric
absorption values are defined at six frequencies in each band, instead
of one, as for the SAE method, and 10 to 30 frequencies for the
Dytec method.

The principal advantage of either of the Wyle methods is the potential for
better accuracy in estimating measured band levels, and thus more accurately

accounting for filter effects. This is especially true for the iteration method which
was shown in Reference | to be capable of generating an apparent measured

?O
oo




spectrum level which integrates to match the band ievels measured with a reg|
filter. As demonstrated in Reference |, this match, after usuvally two and no more
than six iterations, was shown to be within less than 0. dB for any band for a
variety of actual aircraft spectra. 1t is important to note that without some form i

of iteration, one cannot accurately assess the filter error at receiver positions due

to transmission outside the nominal filter bandwidth. 1

The principal disadvantage is the seemingly mathematical complexity.
However, as pointed out in the next section, this is not as serious as one might

think. Thus, from the standpoint of computational efficiency, the procedure may
be comparable to the method of Reference 2 which employs a much simpler, and
less accurate, spectrum interpolation algorithm but a very precise and conventional
numerical integration routine to compute band levels.

3.4 Relative Accuracy of Band Integration Procedures

This aspect of the integration process employed in the Wyle method needs
to be clarified. What is its occuracy relative to the more precise numerical
integration process utilized in the Dytec method?

This was evaluated by comparing the result of integrating over a 1/18th
octave segment exactly using a standard numerical integration routine with [00
intervals within the 1/18th octave bandwidth and the closed form trapezoidal
approximation defined by Eq.(12) in Appendix A. The input spectrum was assumed
to have the type of rapidly decreasing spectrum roll-off due to atmospheric
absorption indicated earlier in Figure 6 in Section 2, An extreme case is selected
corresponding to a frequency between 8,000 to 10,000 Hz, a distance of
2,000 meters and high absorption weather conditions of 15°C, 35% relative
humidity. Figure éb shows that for this case, the slope of the receiver spectrum at
such a distance, due solely to air absorption, would be of the order of -400 dB per
octave and decreasing (becoming more negative) by over 100% per octave.
Applying the spectrum iteration algorithm defined by Eq.(9) to such a case shows
that the trapezoidal closed-form approximation for the elemental band power
differed by less than 0.! dB from the exact numerical integration value for the
integral. For more realistic vaiuves of the spectrum slope, the difference was much
less thus validating this procedure as an accurate substitute for the usual numerical
integration procedure which involved 10 to 30 segments per band.
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While seemingly complex, the Wyle integration process required only a few
lines of computer code to define the power for each elemental segment given the
spectrum interpolation factors a; and bi for each ith band. Defining the latter for
each iteration of the spectrum required only slightly more computations for each
filter band than for the Dytec method. However, due to the repeated iteration
process involved in the Wyle method, the net computation time for the Dytec and
Wyle methods is expected to be comparable. The relative computational speed for
comparable batch-processing versions of the Dytec and Wyle filter effects

computer programs remains to be demonstrated.

3.5 Other Filter Effects Correction Methods

Before considering application of the preceding methods, brief mention
should be made of other published methods.

Mmfegcmil2 has published a report which contains a detailed description of
a method for accounting for filter effects in the analysis of wide band data subject
to atmospheric propagation losses. The method employs the same spectrum level
interpolation scheme as in the Dytec method and uses a trapezoidal integration
routine over seven (1/21st octave) constant percentage segments within each one-
third octave band to determine band levels. While programmed for ideal filters,
the method is obviously adaptable to include filter errors for real filters for a
known input spectrum,

Engineering Sciences Data Unit (ESDU)|| has also published a procedure
for accounting for filter effects in analysis of wide-band aircraft noise data for
atmospheric absorption. (The report also outlines procedures, as does Reference 2,
for considering attenuation through a layered, non-uniform atmosphere.)

The spectrum levels are again estimated in a similar manner as in the
Dytec method except that the spectrum level slope is assumed constant over one
full band. This is equivalent to shifting the spectrum level line approximations to
the continuous spectrum by one-half bandwidth relative to the convention used by
the Dytec method. However, this should not be a significant variation. The change
in spectrum siope over a filter band due to gtmospheric attenuation is predicted
directly in terms of the change in atmospheric absorption loss over the frequency
limits of the band. A conventional Simpson's rule integration procedure is used
over the entire one-third octave band with an integration accuracy claimed of +1%

3-10
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for spectra shaped by atmospheric absorption over a distance of 100 m. Lorger
errors would be expected at greater distances for this integration with only one

integration segment per band.

The method assumes ideal filters and thus does not account for filter skirt
errors. However, the authors claim that the filter error ( 8 F in our terminology),
due to finite filter skirts, would not exceed 10% for a source spectrum slope of
-15 dBllfme-third octave band and an additional atmospheric attenuation of
50 dB.

Finally, it should be pointed out that the computerized method reported in
Reference 9 for analysis of the attenuation of bands of noise was essentially
identical to the first Wyle method, (without iteration) although one of the authors
(Bass) later reported successful application of a spectrum iteration routine similar
to that of the second Wyle methed.I 9
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4. APPLICATION OF FILTER EFFECTS CORRECTION PROCEDURES

The ability of the procedures described in the proceeding section to
account for filter effects errors in aircraft noise analysis is evaluated with three
types of examples: 1) evaluation of band levels for an idealized known source
spectrum, 2) evaluation of band levels for "unknown" receiver spectra including
actual (measured) aircraft noise data, and 3) evaluation of overall frequency-
weighted aircraft noise levels (i.e., PNL or EPNL) for such aircraft spectra.

4.1 Known Source Spectrum

The spectrum shown in Figure 10 was used to evaluate filter effects for the
case of a known source spectrum. This source spectrum slope was chosen to
approximate what is considered a reasonable bound on the minimum (most rapid
fall-off) spectrum slope very near a typical jet noise source, in the absence of
strong fonal components. The spectrum slope matches one of the cases considered
in both Reference | and 2. For this source band level slope, filter effects (i.e.,
slope and filter errors) are negligible as indicated in Section 2 so that one can
assume that the true source band levels are measurable exactly with standard filter
sets. For this source spectrum, we will evaluate filter effects errors and means of
correcting for them when:

o] Estimating the attenuation in band levels, due only to atmospheric

absorption that would be measured at a receiver 600 m away on a
high absorption day (15°C, 35% relative humidity) using an ideal
(a LBI) or real (A LB) filter. The weather condition was selected to
represent an approximate upper bound condition for atmospheric
absorption under weather conditions within the FAR Part 36 weather
window.3 The weather condition used in Reference 2 to represent a
maximum absorption condition (25°C and 10% relative humidity) is
not uncommon for experimental aircroft measurements in hot, dry
climates but it falls outside the FAR Part 36 weather window and
was therefore not considered further in this review.

o Estimating the adjustment to these receiver band levels if they were
measured on a standard day (25°%, 70% RH) at the same distance with
ideal or real filters.
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Band Level Slope = -9 dB/Octave
From 1,250 to 10,000 Hz

110 {—

100

Sound Pressure Level, dB re 20, Po

90 | IR R 1l
1,000 2,000 4,000 8,000

One-Third Octave Band Frequencies, Hz

Figure 10. Idealized One-Third Octave Band Level for Case of Known Source
Spectrum.

These "exact" values of band level attenuation and band level adjustment
are computed by the second Wyle band integration method (with spectrum
iteration) assuming an ideal filter. However, in this case, spectrum iteration is not
really necessary at the source where the spectrum is known and any one of the
methods, which employ band integration for a known spectrum, (i.e., the Dytec or
either of the Wyle methods) would give nearly the same result. As a matter of
interest, however, the iteration technique provided a computed version of the
source spectrum which agreed, essenﬁol/ly exactly, with the values specified in
Figure 10. Only the first band at 1,000 Hz differed from the specified value, but
by only 0.02 dB, due to the discontinuity in the band spectrum slope at 1,250 Hz.

Thus, this exact computation of the atmospheric attenuation at a distant
receiver provides a convenient reference base for evaluation of how well the
various approximate methods correct for filter effects when analyzing an
"unknown" spectrum. The "unknown" spectrum will be represented, then, by the
levels at a receiver, 600 m away from this known source, on the assumed test day
conditions as they would have been measured with a real filter,




r

The atmospheric absorption losses in this receiver spectrum are computed
at all frequencies with the use of the new ANSI S).26 S*ondard.“‘ This method for
computing absorption losses was chosen as a matter of convenience instead of the
currently accepted industry standard (SAE ARP 866A)| > for application to aircraft
noise analysis. However, the comparison between methods to account for filter
effects will not be materially changed since the two models for predicting air

absorption are fairly comparable at the same single frequency in the high

frequency region where filter effects are dominant.

4.1.1 True Values for Band Level Attenuation

We start with the known source spectrum shown in Figure 10 and apply the
integration techniques outlined in Section 3.3 to define the attenuation in band
levels for this spectrum as would be measured at 600 m on a ISOC, 35% relative
humidity day. For ideal filters, the infegration process is straightforward since it
involves integration only over the nominal, zero-loss passband of the ideal filter.
For the real filter, the mathematical model corresponding to the frequency
response of real filters is included in the integral and the integration is now carried
out over a wider frequency range to include the filter skirts. Figure {1, from
Reference 2, illustrates how well this mathematical filter model, reported origi-
nally in Reference {4 and repeated in both References | and 2, describes the actual
transmission loss of real filters, especially over the most critical portion of their
filter skirts near the band edges.

The results of these computations are shown in Figure 12q in terms of the
absolute band levels, LBI and LB’ at the receiver and in Figure {2b in terms of the
band level attenuations,d LBI and ALB, that would have been measured at this
600 m receiver position with ideal and real filters, respectively. The values for an
ideal filter may be considered the accurate measure of the difference in the true
one-third octave band levels between the source and receiver. However, the values
predicted for a real filter represent what would have been actually measured with
current state-of-the-art of spectrum analysis equipment. Clearly, above 5,000 Hz,
the latter diverge increasingly from the true values of band [evel attenuation. This
is, of course, the result of significant power transmission through the filter skirts
outside the ideal passband. A comparison of the slopes for the "test day" spectra in
Figure 12 and the slopes of the filter response curves in Figure | | clearly indicates
that the latter are not sufficiently higﬁ to reject energy outside the nominal filter
passband for such high spectrum siopes (of the order of 50 dB/octave).

4-3




0 | S N N I O 1 R T T 7717
-104 ~ = = APP.E,S1.26 -
O HPBOS4A
O GR19821
A B&K2131
{
i -20 ——
-]
©
=
e
8 -3¢t -
-l
e
8
]
-l
8
= 40 —
g
=
w
2
<
x
-
"50 - —
—60 ~ -
/)
-70 AN 11yl
. 2 4 6 B8 1 6 10
FREQUENCY RATIO, ‘"c
‘ Figure (1. Transmission-loss Response Characteristics of One-Third Octave Band

Filters in Real Time Analyzers Compared with Response Calculated
1 from "Practical Filter" Transmission Response Equation; f c is Band
Center Frequency (from Reference 2).




AoQq 159] ANpIWNY aALD)3Y %SGE ‘oGl © uo | 2anB1g Ul umoyg wniydadg 3310
3y} woiy W(OQQ 4D PIINSDAYY UISY IADH PINOM DY} SUOIIDNUILY |3AD] puDg pup $jaA) pupg °Z| 3nbyy

7y * ouanbaiy 13ua7) puog 3AD3Q PiYL-MO Ty ¢ Asvenbaig 1auss pung MBI PiYL-SU)
000°00 000°8 000’y 000°'Z 000° 000'0l 000 000y 000°7 000°1
—r ¥ — T \ T T T o Y T na = Y T v —Y or-
woyonuIlly [sAeT puoy (q | | Sy pusg (0 ]

+ ozt- -
{
z
H oot~ - H
; g

¥ — F n
3 <4

Q Jooff {
\ By i m

sy ] - f

;Hﬂ {oepy 2
!

\ 1% ° 38 I
b ] s ﬁ =]
il :
1 \ N .
jowy n R ﬁ é
8
[ 3
1 d

- ON - -

4
A 'l A T i 'Y 4 L e A P




Py

4.1.2 True Values for Band Level Adjustment

Figure 13 shows the same type of information as in Figure 12 for
propagation over 600 m but for a standard day with weather conditions of 25°C and
70% relative humidity. The difference between the comparable curves in Figures
12 and |13 define the desired values for the band level adjustments from test day to
standard day weather.

Thus, the data in Figures 12 and 13 provide reference (exact) values of
band level attenuation and band level adjustment for one evaluation of how well
one can correct for filter effects when measuring an unknown spectrum at a
receijver.

4.2 Unknown "Measured" Spectrum at a Receiver Computed from Known
Source Spectra

The fevels computed for "measurement” with a real filter at 600 m on the
assumed test day (i.e., weather of 15°C and 35% relative humidity) now become
the new input levels to be evaluated with each of the correction methods described

in Section 3.

To emphasize the relative accuracy of these correction methods, it is -

convenient to present the values of band level attenuation (A LB) and band level
adjustment & AB predicted for these "measured" levels relative to the true values
derived from Figures 12 and |3 where the source (and hence receiver) spectra were
accurately known. For reference, the true absolute value of these quantities is
also shown.

Thus, Figure |4 shows, on the left, the same band level attenuation values
as in Figure |2b (for the same conditions — 600 m and test day weather) but now
interpreted as the true band level attenuations going back from the receiver to the
source. Obviously, the true attenuation values do not change with direction of
propagation,

The right half of Figure 14 shows the difference between this true value
and the various estimated band level attenuation values according to the following
convention:
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O Symbol designates the difference, A Lg - ALR(S) , between the true
band level attenuation 4 LB and the valuve ALB(S) predicted by
applying the SAE prediction method. This quantity corresponds to
the correction that could be applied to a predicted band level 1
attenuation, using the SAE procedure, to obtain the true value. {

L Symbol designates the difference, A Lg -8 LgD) , between the ]
true and predicted value from the Dytec method. Similarly, f

V Symbo! designates the difference, alg- ALB(WI) , for the !
Wyle #| method (without spectrum iteration), and “

O Symbol designates the difference, Alg - ALg(W2) , for the
Wyle #2 method (with spectrum iteration).

This same type of comparison is made in Figure 15 between the two values
of the band level adjustment for a real filter AAB (Figure 12b values for a real
filter on a test day minus corresponding values in Figure i3b for a real filter on a
standard day) and the predicted values using the various correction methods. ]

Again, the left part of Figure 15 shows the true value of & AB and the right
part shows the difference between this true reference value and the predicted
values using the same notation as for Figure 14.

Finally, as suggested earlier, it may be desirable to consider correcting
data measured on a test day with a real filter, to values that would have been
measured on o standard day with an ideal filter. The corresponding band level o

adjustment is designated as AABRI' Figure 16 presents the comparison of the true
ond predicted values for this adjustment faoctor. Again, the same method of
presentation and labeling convention is employed. In this case, however, a
predicted value for the SAE method is not shown since this method was not
designed to be applicable to ideal filters in the evaluation of attenuation of bands
of noise.!d

The comparisons in Figures |13 through 16 exhibit the following trends:

o All four of the methods considered for evaluating filter effects show
significant errors (>| to 2 dB) at high frequencies when predicting
band level attenuations and band level adjustments. As suggested
earlier, this behavior is expected on the basis of the high slopes for
the input spectra.
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o The rapid variations in accuracy of the SAE method may be due to
the discontinuity in the effective frequency above 4,000 Hz which is
inherent in this method for evaluating attenuation of bands of noise,

o The Wyle No. 2 (iteration) method generally exhibits the best
accuracy but even this method fails at frequencies above 5,000 Hz

when the injtial spectrum slope equals or exceeds the filter skirt
slope.

4.3 Unknown Spectrum From Measured Aircraft Noise Data

Consider, now, another version of the case of an unknown spectrum ~ a
more representative case — based on evaluation of actual measured aircraft noise
data. Two such examples, drawn from dato utilized in Reference 1, are considered.

o Takeoff noise at the time of PNLTM for a three engine narrow hody
turbofan aircroft (Data File 35 T/O)

o Takeoff noise at the time of PNLTM for a four engine narrow body
turbofan aircraft (Data File 88 T/0)

For these measured levels, the signal-to-noise ratio was never less than
5dB in any band and was more than 20 dB in all but the highest frequency bands so
that the data con be considered to be free of any significant influence from noise.
What residual influence remained was essentially eliminated by applying the
background noise correction procedures of Reference 20. The data were measured
at propagation distances close to 300 m and for weather conditions close 1o a
stondard day. Therefore, for convenience, the data were adjusted slightly to a
reference propagation distance of 300 m and standard day weather. This
adjustment amounted to +0.6 dB at 4,000 Hz for the first data file (35 T/O) and
+1.8 dB at 4,000 Hz for the second data file (88 T/0).

The resulting standardized one-third octave band levels for these two
examples are shown in Figure 17 by the open symbols. Note that the high
frequency roll-off rates for these spectra are less than -20 dB/octave. According
to Section 2, with such relatively low spectrum slopes, it should be possible to
obtain very good estimates of the apparent true spectrur for these measured
levels without any significant influence of filter errors. The spectrum iteration
method was therefore applied to these dato to provide what one can assume is
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Figure 17. Aircraoft Spectra, Measured at PNLTM, Used to lllustrate the

Application of Filter F*fects Correction Procedures. The original
measured data, normalized to a propagation distance of 300 m for a
standard day, have been adjusted downward to define a hypothetical
test day spectra that would be measured with real filters.
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closely equivalent to known spectra, comparable to the example illustrated earlier

in Figure 12. To provide the test cases comparable to that employed earlier for
Figures |4 through {6, these standardized spectra were adjusted to the more severe
test day conditions of 15°C and 35% relative humidity to produce the hypothetical
values, "measured" with a real filter, that are identified in Figure |7 by the closed
symbols. Although this adjustment in the levels was computed with the Wyle #2
(spectrum iteration) method, essentially equivalent results for these hypothetical
test day levels would have been obtained with the use of the Dytec method. That
is, either method can estimate the initial spectrum levels (with roughly comparable
accuracy) for the standardized spectra of Figure |7. These source spectrum levels
could then be accurately adjusted to test day conditions and integrated fto
represent levels "measured" with real filters on the test day. Thus, with these
hypothetical "measured" levels as inputs to the various methods for considering

filter effects, the three basic factors considered were, again:

o] Band level attenuation ALB for real filters at a new receiver
position, 300 m further away (corresponding to a total propagation

distance from the original source of 600 m);

o Bond level adjustment A Ag from test day levels at this new position
back to the original standard day values, with real filters; and

o Band level adjustment A ABRI for correction of these measured
levels back to the standard day as they would be measured with ideal
filters.

Comparisons are again shown between the true values for these factors
derived from Figure 17 and the predicted values using each of the filter effects
correction methods under consideration.

The resuits are shown in Figures I8 through 20 employing the same
convention as before. Figure |8 presents comparisons of true and predicted values
of band level attenuations, Figure |9 compares valves for band level aodjust-
ments, AAB, with real filters and Figure 20 compares, for a few cases, band level
adjustments A ABRI for an ideal filter assumed for the standard day.

Although the results in Figures |8 through 20 are, in some respects, similar
to those in Figures |4 - 16, there are some important differences.
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The errors in the wvarious correction procedures do not always
consistently increase markedly at the high frequencies as was noted
earlier in Figures {4 through |6.

Only for the SAE method is there a consistent increase at high
frequencies in the difference between predicted and true band level
attenuations or band level adjustments. Thus, any of the band
integration (Dytec or Wyle) methods appear to offer significantly
greater accuracy than the SAE method for correcting for filter
effects for these samples of real aircraft data.

Furthermore, the spectral iteration (Wyle #2) method, unlike any of
the other methods, seems to consistently exhibit very high accuracy
in predicting the correct band attenuation or adjustment factors.
This is attributed entirely to the method's ability, unique among the
methods considered here, to more accurately estimate the initial
spectrum levels.

The very different behavior in the filter effects prediction methods
for these real aircraft data, as compared to the idealized case
analyzed in Figures {4 through 16, indicate that development of any
empirical rules for evaluating filter effects should, to the extent
possible, be based on evaluation with real aircraft data.

Finally, it is desirable to see if the data presented in Figures |8
through 20 (and earlier in Figures |4 through 16) support the
empirical criteria cited in Reference | for the occurrence of signif-
icant errors (> 0.5 dB) due to filter effects. The correct version of
this criteria, which was incorrectly printed in Reference |, is that
the product of the propagation distance, in km, and the square of
frequency, in kHz, should not exceed 6 km . (kHz)z. Examining the
examples presented here suggests that this criteria may be somewhat
optimistic, i.e.,, perhaps the constant "é" needs to be reduced.
However, additional aircraft noise data should be evaluated for filter
effects before any rigid quantitative guideline or requirement involv-
ing regulatory or mandatory administrative action by the FAA can be
adopted.
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It is clear by now that errors in band levels due to filter effects can be
quite significant under certain conditions and that methods to account for those
errors differ substantially in their accuracy. Consider, finally, filter effects for
overall aircraft noise levels, both with and without time integration,

4.4 Filter Effects On Overall Aircraft Noise Levels

4.4.1 Effects on Momentary Noise Metrics

As evident from the preceding review, filter effect errors can be large at
high frequencies. However, in such cases, the resulting absolute levels are low so
that such band level errors due to filter effects contribute little to errors in overall
sound pressure levels. The latter tend to be dominated by lower frequency band
levels for which filter effects are much smaller.

Representative results from the two studiesl’ L for relative filter effects
errors in perceived noise levels (PNL), maximum tone-corrected perceived noise
levels (PNLTM), or maximum A-weighted noise levels (AL) are summarized as
follows. True reference values for these overall levels were not available so that it
was only possible to compare, against each other, the values predicted by alternate
correction methods.

From Reference |, PNL values (measured at close to 300 m at the time of
PNLTM and adjusted to a standard day and a distance of 300 m) were evaluated for
four cases using both the Wyle #2 method (with spectrum iteration) and the SAE
method. The difference between the resulting values of PNL are listed in Table |
for the reference distance of 300 m and for two greater propagation distances.
Clearly, the difference in PNL values using the two band attenuation prediction
methods is slight, Based on the preceding results, it is reasonable to consider the
PNL values from the Wyle #2 method as close to representing true values (ignoring

any other sources of measurement errors, such as background noise).




Table |

Differences in PNL Values Due to Diff erent Procedures to Account for
Filter Effects (Derived from Data in Table 4 of Reference | for
One-Third Octave Band Spectra at PNLTM, adjusted to standard day conditions)

PNL (SAE) - PNL (Wyle #2), da!)
Data File Distance, m
300 600 900
35 T/0 (727) 0 0.07 0.03
47 App (707) 0.0l 0.08 -
88 T/O (707) 0.0l 0.09 0.08
90 T/O (DC-10) 0.05 0.25 0.22

(N Differences between PNL values computed with the simulated

SAE method and with the Wyle #2 method (with spectrum
iteration) (data from Reference |).

Thus, according to the few cases considered in Table |, the SAE procedure
for evaluating atmospheric attenuation of bands of noise seems to give very nearly
the same values (within less than 0.3 dB) as the more accurate, and presumably

—ea el i D el L

true results, using the Wyle method. This conclusion is strongly reinforced by data
from Reference 2. In Table 8 of this reference, overall momentary noise metrics
for six different measured aircraft spectra were evaluated with the equivalent of ,
the Dytec and SAE methods as defined herein. (The ANS! S|.26 procedure was
actually employed in both cases, thus eliminating any secondary influences on filter

effects due to differences in atmospheric absorption algorithms.)

The noise metrics evaluated were PNL, PNLTM, and AL. For five of the 1
six spectra evaluated, there was no difference whatsoever in the noise metrics
evaluated with the Dytec and SAE methods. For the sixth case, the maximum i
difference was only 0.1 dB — the same order of magnitude as the small differences
indicated in Table |.
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4.4.2 Filter Effects for Time Integrated Noise Levels

For time integrated aircraft noise levels, the influence of background
noise on the sound pressure levels measured throughout the effective (i.e.,
{0 dB downtime) duration of an aircraft flyby are more significant than for the
momentary noise metrics at the time of PNLTM. This is especially true for
high frequency bands near the beginning and end of this time integration
period.
A detailed consideration of this subject is not appropriate for this
summary report on filter effects. The reader is again referred to the parent
documents (References | and 2) for more detailed considerations of the
manner in which spectral time histories were corrected for ambient noise

levels before applying altemative filter effects correction methods.

The point is that it is difficult to separate out, entirely, the possible
influence of filter effects on time integrated aircraft noise levels from effects
of background noise. Nevertheless, occording to the data available in
References | ond 2, filter effects by themselves do not appear to strongly
influence time integrated noise metrics. Reference | compares values of
Effective Perceived Noise Level (EPNL), for two aircraft noise time histories,
using three of the four different methods for evaluating filter effects
considered here - the SAE method, the Wyle #1 (without spectrum iteration),
and the Wyle #2 (with iteration) methods. The results are summarized in
Table 2 in terms of the EPNL values for each of the first two methods relative
to the last (Wyle #2) method.

Table 2

Differences in EPNL Values Due to Different Procedures to Account for
Filter Effects (Derived from Data in Table 5 of Reference 1).
Data for "As Measured" Values at Distances Close to 300 m and
Near Standard Day Conditions

EPNL (Wyle 1) - EPNL (Wyle 2)

EPNL (SAE) - EPNL (Wyle 2)

dB8

Data File

18 App (727)
35 T/0 (727)




The apparent errors due to filter effects, as evidenced by the difference in
EPNL values for two different band analysis methods is, again, small. However, in
one of the two cases considered (Data File 35 T/O), the difference is substantially
greater (about -0.7 dB) than indicated in Table | for corresponding differences in
values of PNL.

Reference 2 reported EPNL and Sound Exposure Level (SEL) values for the
same six aircraft spectra mentioned earlier in the preceding section. Again, for
five of the six spectra considered, there was no difference, to within an accuracy
of less than 0.l dB, between EPNL values computed with the Dytec and the
equivalent of the SAE methods, as defined herein. For a sixth case, the difference
in EPNL values was only 0.1 dB.

Thus, the two studies both indicate filter effects should introduce small
errors (less than | dB) in EPNL values. The results from Reference 2 consistently
indicate nearly negligible filter effects on EPNL for six cases. While this may be
more representative of the true situation than the slightly different results for the
two cases from Reference | summarized in Table 2, it is not possible to completely
discount the potential significance of filter effects on EPNL values. The Dytec
and SAE methods employed in Reference 2 for evaluating filter effects are shown
to be less accurate than the spectral iteration method in Reference |, Thus,
conclusions based on application of the former methods may be overly optimistic.
Further data evaluation is called for with different, independently verifiable,
techniques to define initial measured spectra.

4.5 Methods of Accounting for Filter Effects in the Presence of Strong Tone
Components

A final issue briefly considered in this summary report concerns methods

for properly evaluating filter effects for aircraft spectra which contain strong tone
components,

For the most part, References | and 2 did not really address this issue with
any distinctly separate procedures. However, two possibilities are suggested by the
methods outlined in these reports:

] Use the spectrum iteration method to approximate the presence of a
spectral spike or tone. One such example is, in fact, illustrated

graphically in Reference |. However, it remains to be validated by
an independent, more conventional, process.
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o Use some form of spectral smoothing in the initial data processing of
the aircraft spectra. Tonal components could be identified and
subtracted out, on an energy basis, from the total spectrum employ-
ing algorithms not unlike those currently used to identify tone
penalties., Then each resulting portion ~ a smoothed broadband
spectrum — and the tonal components, presumed to exist at the
center frequency of the bands in which they fall, would be processed
separately. The broadband portion could be analyzed with one of the
types of band integration methods outlined here to minimize filter
effects for this part of the spectrum. The "tone" components would
also be processed (i.e., adjusted to standard conditions) by using

‘ simple atmospheric absorption algorithms for the presumed single

frequency of the "tone." The resulting two components could then be
recombined, on an energy basis, after adjustments to standard
conditions.

A definitive evaluation of the need for, and if called for, the relative
effectiveness and efficiency of, such procedures remains to be carried out.
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S. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This summary of two detailed studiesl’2

of potential errors in the
evaluation of aircraft noise spectra due to finite energy passed by filter skirts has

demonstrated the following:

5.1.)  Very substantial errors can occur in the spectrum analysis of aircraft
spectrum wunder conditions where spectral shaping by atmospheric absorption
results in steep spectrum slopes in the measured data which are comparable to
slopes of filter skirts employed in the spectrum analysis.

5.1.2  These errors can be represented by two components -

o a frue filter error equal to the difference between the power
transmitted by a real filter and by an ideal filter;

o a spectrum slope "error" which is only significant when one attempts
to analyze band attenuation at a single characteristic frequency in
each band.

5.1.3 Methods to account for these errors vary from a simple empirical pro-
cedure involving selection of a suitable single frequency for computing band
attenuations (SAE ARP 866A method) to the different forms of band integration
outlined in Reference | and 2, which can accurately simulate the power transmis-
sion of areal filter if the input spectrum is known.

S.1.4 Oee unique way to effectively define an unknown, sharply sloping
spectrum, is the spectrum iteration method of Reference |. From examples
involving actual measured aircraft data, this method is shown to be capable of
more accurately predicting the true value of band level attenuation and band level
adjustments than the other methods which do not employ any iterative correction
of the initially estimated spectrum., However, wher spectral shaping, caused
primarily by atmospheric absorption, results in spectral slopes which far exceed the
rejection rate of filter skirts, even this iterative process can be limited in its
ability to recover the true input spectrum.

5.1.5 Filter errors are particularly significant when it is necessary to correct

aircraft levels measured under high absorption loss test-day weather conditions to
stondard day weather by the use of band level odjustments. In this case, the
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different band integration techniques, especially the one employing a spectral
iteration technique, prove to be much more accurate than the SAE procedure for
accurately defining these band level adjustments,

5.1.6 1t was shown in Reference | that, as a rough rule of thumb, filter errors
become significant, calling for more accurate correction procedures than provided
by the SAE method, when the following criteria are exceeded:

Propagation Distance (in km) x (Frequency, in kg-iz)2 >6
Propagation Distance >6 km at any audio frequency

Some of the limited examples presented in this review suggest that this criterio
may not be strict enough - that is, the factor 6 may be too large.

5.1.7 Under conditions for which filter effects introduce large errors in
measured (or adjusted) band levels, overall noise levels, such as PNL or EPNL, are
unlikely to be affected by more than 1.0 dB and most likely much less than that.
However, further evaluation of real aircraft data using more accurate techniques
for assessing filter effects, including, among others, the spectrum iteration
technique summarized herein, is needed before filter effect errors in EPNL values
can be accurately defined.

5.2 Recommendations

Based on the preceding observations, the following recommendations are
made:

5.2.1 A simple criteria, such as outiined in paragraph 5.1.6, should be developed
or confirmed for incorporation in administrative rules for identifying when filter
effects may be introducing substantial errors in aircraft noise certification data.

5.2.2 However, before restrictive procedures could be adopted in FAA regula-
tions, o wider range of real aircraft spectral data should be evaluated with
techniques designed to permit accurate assessment of the true measured spectrum
and corresponding filter errors in normal spectrum analysis procedures. This should
include, but not be limited to, the spectrum interation technique described herein.

5.2.3 Such evaluations should be designed to generate simple quantitative rules
or algorithms for correcting EPNL values for filter effects. The. spectrum
iteration technique may be one such technique, but requires more complete and/or
gquantitatively independent validation before it can be adopted as a standard data
analysis procedure.

5-2

N N e -~ . [ ERRTTAN 0 I




REFERENCES

Sutheriand, L.C., "Correction Procedures for Aircraft Noise Data - Vol. lli,
Filter Effects,” U. S. Department of Transportation, Federal Aviation Admin-
istration, Report No. FAA-EE-80-1, Volume lll, July 1980.

Marsh, A.H., "Evaluation of Alternative Procedures for Atmospheric Absorp-
tion Adjustments During Noise Certification," U. S. Department of Transpor-
tation, Federal Aviation Administration, Report No. FAA-EE-80-46, Vol. |,
April 1980.

U. S. Department of Transportation, Federal Aviation Administration,
Federal Aviation Regulations, Part 36, "Noise Standards: Aircraft Type and
Air Worthiness Certification," through Change 13, effective || November
1980.

Iinternational Electrotechnical Commission, "Electro-acoustical Measuring
Equipment for Aircraft Noise Certification," IEC 561, Geneva, Switzerland,
1976.

International Electrotechnical Commission, "Octave, Half-Octave and Third-
Octave Band Filters Intended for the Analysis of Sounds and Vibrations," IEC
225, Geneva, Switzerland, 1966.

American National Standards Institute, "Specifications for Octave, Half-
Octave, and Third-Octave Band Filter Sets," ANS! Standard Sl.I1-1966(R-
1971), New York, NY.

Society of Automotive Engineers, Inc., "Airplane Flyover Noise Analysis
System Used for Effective Perceived Noise Level Computations," Aerospace
Recommended Practice ARP 1264 (Revision in Process, |980).

Sutherland, L. C. and Bass, H. E., "influence of Atmospheric Absorption on
the Propagation of Bands of Noise," J. Acoust. Soc. Am. 66, 885-894, 1979.

Shields, F. D. and Bass, H. E., "A Study of Atmospheric Absorption of High
Frequency Noise and Application To Fractional-Octave Bands,” NASA
CR-2760, National Aeronautics and Space Administration, NASA-Lewis
Research Center, Cleveland, OH, 1976.

Marsh, A., "Atmospheric-Absorption Adjustment Procedure for Aircraft Fly-
over Noise Measurements,” U. S. Department of Transportation, Federal
Aviation Administration, Report No. FAA-RD-77-167, December 1977.

Engineering Sciences Data Unit, "Evaluation of the Attenuation of Broad-
Band Sound by a Non-Uniform Still Atmosphere,” ESDU Item No. 78003,
London, England, September 1978.

Montegani, F. J., "Computation of Atmospheric Attenuation of Sound for the
Fractionai-Octave Bands," NASA Technical Paper (412, National Aeronautics
and Space Administration, NASA-Lewis Research Center, Cleveland, OH,
February 1979.




13.

9.
20.

REFERENCES (Continued)

Rackl, R., "Correction Procedures for Aircraft Noise Data- Vol |,
Pseudotones," U. S. Department of Transportation, Federal Aviation Admini-
stration, Report No. FAA-EE-80-1, Volume [, May {979.

American National Standards Institute, "Method for the Calculation of the
Absorption of _sund by the Atmosphere,” ANSI 51.26, New York, NY, 1978.

Society of Automotive Engineers, Inc., "Standard Values of Atmospheric
Absorption as a Function of Temperature and Humidity," Aerospace Recom-
mended Practice, ARP 866A, issued August 1964, reissued March 1975,
Warrendale, PA, 1975.

Beranek, L. L., Acoustic Measurements, John Wiley and Sons, New York, NY,
1949.

Sepmeyer, L. W., "Bandwidth Error of Symmetrical Bandpass Filters Used for
the Analysis of Noise and Vibration," J. Acoust. Soc. Am. 34, 1653-1657,
1962,

Sepmeyer, L. W., "On the Bandwidth Error of Butterworth Bandpass Filters,"
J. Acoust. Soc. Am. 35, 404-405, 1963.

Bass, H. E., Personal Communication, September 1979,
Sutherland, L. C., Parkinson, J., and Hoy, D., "Correction Procedures for

Aircraft Noise Data - Vol. 1l, Background Noise Considerations," Report No.
FAA-EE-80-1, Vol. |l, December 1979.

R-2

DMaki @t b eehi. o .




APPENDIX A

8and Level Integration Method Employed in Wyle Method

The following method is used to compute and interpolate spectrum levels
between values at the center of each of N bands analyzed. These spectrum levels,
estimated from the measured band levels, are then used to compute these same
band levels and the spectrum levels adjusted by an iterative process until the
measured and computed band levels agree. This process requires knowledge of the
spectrum level in the bands outside the nominal passband of each filter to account
for energy passed by the finite filter skirts. Integration is normally carried out
over +3 bands on either side of the iy band. This is equivalent to treating the
effective transmission bandwidth as extending one octave above and below the
upper and lower filter band edge frequencies, respectively. Special procedures are
used to handle the case of the end bands (i=l or N) where there are not any
identified band levels below the lowest band or above the highest band to use for
interpolation. Once satisfactory estimates of "measured" spectrum levels are
available, they can be translated to different ranges or to different weather
conditions by accounting for changes in the absorption losses at all frequencies.
The revised spectrum levels are then integrated again with the analytical model for
either a real or ideal filter, as desired, The following paragraphs outline the
ana ytical basis for a computer program summarized at the end of this appendix
which allows such operations to be carried out interactively on @ minicomputer

terminal.

A.l Initial Estimate of Spectrum Levels

N band levels are read into the computer program. By simple lineor
extrapolation of the initial and final slopes of the band spectrum, two additional
band levels are estimated; one band below the lowest LB(I) band level measured
and one above the highest bond level LB(N) measured. The first estimate of
spectrum levels Ls(f), is given simply by the equation for the case of a white noise,
or constant, spectrum level:

Lf) > Ly - 10 log & ()

where
Af

Nominal filter bandwidth (log to the base 10 is assumed
throughout this report except when otherwise noted).




A2 Development of Refined Estimates of the Input Spectrum Levels

Referring to the sketch below, the differences d' and d2 between the
spectrum levels on each side of the ith band are computed. For each ith band, the
two difference terms are then used to define an interpolation equation on the basis
of the following model.

Spectrum
Level

Over a frequency range + one bandwidth either side of the ith band center
frequency fi’ the spectrum level is assumed to be defined by:

Q. + bi(f/fi)

LJf) = L(F) + 10 log (F/f) @

where
Ls(fi) = the spectrum level at fi‘

This interpolation equation simply lets the slope (°i + bi(f/fi» of the spectrum level
curve vary linearly with the frequency ratio (f/ fi).

Thus, the constants a; and b, in Eq.(2) are derived by first using Eq.(2) to
compute the spectrum levels at the center frequencies fi-l and fi ol The latter
are equal to fi/r and fi . 1, respectively, where r is the ratio of the center
frequencies between adjacent bands (=I00" for one-third octave bands). The
difference terms dl and d2’ identified in the previous sketch, can then be expressed
with the use of Eq.(2) as

dy = LM)-Lf ) = 10 [a;+b/r] logr (3q)

%2 = Llf-Lf) < 10[a+ b - 1] logr o)

A-2




Solving these two equations for Q and bi’ one obtains

a (r2d, - d,) /10 (% - 1) log r (4o

L]

b. rdy-d)/ 10 «2-1iog r (4b)

i

These interpolation constants are now used to obtain a first order improve-
ment in the spectrum level Ls(fi) at the band center frequency. First, these
constants are used again with Eq.(2) to define the specirum levels at the lower ond
upper band edge frequencies of the iy, band (i.e., at the frequencies f; (= fi/rv2 and
fiu = fir'h, respectively) (see sketch).

Constant Slope = LI

L(f
L(f,) ()
s if
~
Spectrum 4 Ls(fiu)
Level \
Ls(f) ' < Constant Slope a,,
dB 2 .
et e l,
% ban
I TR A PR W

Frequency (log scale)

The interpolation constants (al, bl’ ond Ay bN) for the first and last
measured bands (iz| and N) are used fo extrapolate the spectrum levels for the
bands added at each end of the spectrum (i=0 and N+1). However, for the N+|
band, the constant b for the rate of change of spectrum slope is not allowed to be
positive to prevent any turning up of the spectrum due to extrapolation from the

Ny, band with Eq.(2).

This first order improvement in estimated spectrum levels still assumes an
ideal filter. it would be possible at this point to proceed directly to an integration
of the power transmitted by areal filter over its full response bandwidth, including
the filter skirts. However, this final refinement in the spectrum levels is reserved
until later to take advantage of the large increase in estimation accuracy provided

by the simpler procedure employed here which utilizes closed form solutions for
the integrated band power.




Referring to the preceding sketch, the continuously varying spectrum level
over the nominal filter bandwidth is now approximated by just two _straight line
segments, each with a constant slope, to define the spectrum level over only each
half of the ideal filter bandwidth. (This differs from the two-slope procedure of
Reference 2 which also defines the spectrum by two constant slope lines which, as
described in Section 3.2 of the main body of the text, extend over twice this
frequency range (i.e., between the band center frequencies instead of from only the
band edges to the band center frequency).)

The corresponding spectrum level over each of these straight line segments
is now defined by a simplified form of Eq.(2) obtained by setting b=0 to give

a..
L) =L(f) + 10 log (F/£) ! (5)

where j = | or 2, and 94 and a;, are the exponents which define the slopes of the
two straight line segments.

From EqJ3), setting 10 logr = | forr = IO‘)", these two slope constants
can be defined hy:

Q) =9 + bi/rvz

f (6)
oiz = Oi + bi o T

Using each of these in Eq.(5), one at a time, and integrating over each half of the
nominal bandwidth (i.e., from fi ( to fi with the slope L and from fi to fi[ with
the slope °i2)’ an estimate is obtained of the total power passed by the nominal
ideal filter as

Lg = 10 Iog[Wl . wz], dB W)

Wl and W2 are the powers in each part of the ith band given by

L0 j| 1 a2
W, = 10 -0 |r b

, [ (8a)

andj = | or 2 for the two halves of the nominal filter bandwidth.




For the case of ay == I, the expression for Wj is

L (f.)/10
s i ]
Wj = {0 fi Ine r

(8b)

Reviewing Eqs.(‘7), (6), and (4), it is now clear that one can estimate the
total power passed by the ith ideal filter band LBI(i) in terms of just three
quantities, the spectral density Ls(fi) at the center of the ith band and the
differences dl and dZ in the spectrum levels between the adjocent bands. But this
process can obviously be reversed to solve not for the band levels (which are
already known), but for the spectrum levels.

The resulting expression for this refined estimate of the spectrum level
Ls(fi) at the center of the ith band is

Ls(fi) = LB(i) - 10log (& fi)-l\S (9
where
A fi = the nominal bandwidth of the ideal filter, and
AS = the spectrum slope error - the difference between the band
power assuming a white noise (constant) spectrum level over
the ideal filter bandwidth and the band power based on the
refined two-slope estimate described by Eq.(7).
Combining Eqs.(4), (6) and (7), it can be shown that Ag, in this case, is
equal to
Ag = 10109 [0, + 0 /-0 (10)
S 17 Y2
where - . (°i '+|)/2
T (a4 12
02 = r 'l (Qi2+') ’ qiz ¥ 'I
L
O,or0, = In r" if a,, 0ora,,= -1
| 2 -~ e il i2"
and a;) and a;, can be determined with the use of Eq.(6) and Eq.(4).

Thus, Egs.(9) and (10) provide a good first-order refinement to an estimate ‘
of the spectrum level L s(fi) at the center of each iy, band. i
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A second order refinement has also been found to be useful. This is carried

out simply by returning to Eq.(3) to define a new set of spectrum level difference
terms d' and d2 based on the first refinement in estimated spectrum levels. That
is, the combination of processes from Eq.(3) through Eq.(9) is repeated a second
time to define a new set of estimated spectrum levels over all bands based on
Eq.(2).

A3 Iteration Process

For the second Wyle method (W2), a final refinement to the estimated
spectrum levels is now carried out, The spectrum levels are integrated over the
effective response bandwidth of each filter to provide a computed value for the
measured band levels. This process now recognizes the potential transmission
outside the nominal filter passband. The computed and measured band levels at the
th band are compared and the preceding estimates of the spectrum levels L s(fi) at
the band center frequency adjusted as necessary by any resulting difference in the
computed and measured band levels. In other words, the new estimated spectrum
levels L's(fi) at the band center frequency are defined by

1
LJ(f) = Ls(fi) -c [(LB(i ) (computed) - LB(i) (measured)) ()
where
Ls(fi) = the spectrum levels previously estimated according to
Section A.2, and
c = a computational stability "damping" constant (a value of ¢ from

0.8 to 1.6 has been found to be satisfactory).

The interpolation process defined in Section A.2 is then repeated with these new
spectrum levels at the band center frequencies and new estimates of the measured
band levels are obtained. The process is repeated until satisfactory agreement is
obtained between the measured and computed band levels. Subsequent iterations
aofter the first no longer assume an ideal filter unless specified in the input.
Satisfactory agreement in this case has been taken as no difference greater than
0.05 dB in any band. From one to six iterations were found to be necessary and
sufficient for a wide range of real aircraft spectra as reported in Reference |.
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This final set of spectrum levels at the band center frequencies and the
corresponding set of interpolation constants a; and bi for each ith band provide the
basis for predicting the effect of changes in band levels with changes in
propagation distance and/or air absorption (i.e., different weather). The cor-
responding adjusted spectrum levels can then be integrated to predict new adjusted
band levels using either real or ideal filters as desired for the new conditions. j
Filter effects are thus implicitly accounted for throughout the process to the
extent that the filter response approximations and spectrum interpolation functions :
are accurate.

These final estimates of spectrum level are now used to carry out the basic

o i

integration process for band levels, The details of this band integration process,
briefly summarized in Section 3.3 of the main body of this report, are defined more
thoroughly as follows:

0 Each nominal filter bandwidth is first divided into six constant j
percentage segments [/18th octave wide.

o The spectrum interpolation function given by Eq.(2) is used to define ;
the spectrum levels at the lower and upper band edge frequencies of :
these integration segments. The spectrum level between these two
closely-spaced frequencies is assumed to vary linearly with a con-
stant slope.

o The power 8 W contained within this trapezoidal element can be
defined in closed form by ‘

Ls(f-)/ 10 (a.+1)
sw =10 =1 Lf (ki ] [@en (12)
where
Ls(fj) is the spectrum level at the lower band edge frequency fj of
this j, segment (within the iy, filter band).
k = IO” 60, the frequency ratio of the segment's 1/18th octave-
wide frequency limits,
ond aj = the constant spectrum slope derived from the difference d. in
spectrum level between these segment frequency limits. This

difference is derived, in turn, from the spectrum interpolation
Eq.(2), first for f = 1‘i and then for f = fj ke




o The total power passed by each filter is then determined by summing
the power in the elemental segments over whatever total bandwidth
is desired — the effective transmission bandwidth of a real filter, or
the nominal bandwidth of an ideal filter. 1

o For real filters, the following special rules were required fo provide
practical limits for the frequency range of integration:

- Only one band was included above each nominal band to
accurately account for energy passed by the filter skirts above
the upper nominal cutoff frequency for normal aircraft spectra. |

- Normally the integration is carried out over three additional
bands (i.e., one octave) below the lower nominal cutoff ¥
frequency. (Band levels above 5,000 Hz were 2 to 13 dB lower j
when only two bands were added below the lower band edge.) In

contrast, the Dytec method extends integration down to one-
tenth of the band center frequency for real filters.

- For the lowest two measured bands (i=! and 2), the integration
over the full filter response is necessarily fruncated at the
bottom edge of the one additional band level (i=z0) added to the
measured band leve! by slope extrapolation, at the beginning of
the spectrum iteration scheme.

- This process involves a series of logical selections of which set
of interpolation constants (°i’ bi) to use for the integration of
spectrum levels for each band. The details of this complex
process are implicit in the computer program described at the
end of this appendix.

o The spectrum levels employed throughout the rest of the computa-
tions for one set of measured band levels are the values estimated
from this spectrum iteration procedure and modified, where appro-
priate, by any change due to different propagation conditions (i.e.,
weather or distance) or by filter transmission losses. The net result
is that filter effects are inherently accounted for in the data
processing.

A-8
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Al Computer Program

A simplified flowchart describing the principal computational steps in this
spectrum interpolation ond iteration program is contained in Figure A-I. An
example input data listing, interactive input instructions and pertinent system
responses, and corresponding output tables computed by the program are provided
in Table A.l. The program is designed to allow convenient analytical evaluation of
filter effects using the second (iteration) version of the Wyle method and provides
tables of band levels in the following sequence, if requested.

l. Receiver Band Levels for test day weather conditions up to seven
distances plus an echo of the "measured" input band levels. If the
measurement distance is also included in the output as one of the
receiver distances, the computed values of these measured input
levels are also provided. The "measurement" filter may be selected
as real or ideal.

2. The same data but with receiver levels computed according to the
SAE procedure. (Simulated using ANSI S1.26 algorithms for absorp-
tion at each frequency.)

3. The same data as in 2. but for standard day conditions as requested.

4, The same data as in |. but for standard day conditions and, if desired,
a different model for the "measurement" filter.

A summary of other pertinent input data is also listed at the bottom of
each table as appropriate.

Clearly, many variations of this type of program are possible. However,
this program has proven to be a robust and useful procedure able to provide insight
into filter effects in the analysis of aircraft noise levels. While the interactive
program described here was designed for experimental rather than production
evaluation of filter effects, a streamlined production program version has also been
developed for onalysis of full aircraft spectra.
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